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a b  s t r  a c t

The present  study  investigated  the influence of  substrate  temperature  (Ts) and working  pressure  (PAr)
on tailoring  the  properties  of  nanocrystalline  (nc)  molybdenum  (Mo) films  fabricated  by  radio-frequency
magnetron  sputtering. The structural,  morphological,  electrical  and optical properties of  nc-Mo  films  were
evaluated  in detail.  The Mo films  exhibited (110)  orientation with average crystallite  size  varying  from
9  to 22  (±1)  nm  on increasing  Ts. Corroborating  with structural  data, the electrical resistivity  decreased
from  55  ��  cm  to  10  �� cm,  which  is the lowest  among  all the Mo films. For  Mo  films  deposited under
variable  PAr,  the (110)  peak  intensity decrement  coupled with peak broadening  on  increasing  PAr.  Lower
deposition  pressure  yielded  densely packed thin  films with superior  structural  properties  along  with low
resistivity  of 1̃5  �� cm.  Optimum conditions  to produce high quality Mo films  with excellent  structural,
morphological,  electrical  and optical  characteristics  for  utilization  in  solar  cells as  back contact  layers
were  identified.

©  2019  Published  by  Elsevier  Ltd  on behalf of  The editorial  office  of  Journal  of  Materials  Science  &
Technology.

1. Introduction

Manipulating the structure and properties of solid-state mate-
rials at nanoscale dimensions has emerged as an optimal tool to
unlock the full potential of materials in renewable energy technolo-
gies, particularly those aimed at  utilizing solar energy. Controlling
over structure/property/processing correlations in nanomaterials
is a critical aspect of cutting-edge research in the application
of material science and nanotechnology for energy related tech-
nologies [1–7]. The physical, structural, chemical and electronic
properties of these nanomaterials are highly sensitive to the pro-
cessing conditions they are manufactured in and as a result these
microstructures can often be tuned to meet the requirements of a
given energy related technological application [8–10]. Both physi-
cal and chemical synthetic methods can be used to alter or control
these microstructures.

Solar cell technology, a  means of harvesting one of the most
promising available renewable energy resources, can convert sun-
light directly into electric power without any greenhouse gases
or pollutant emissions into the environment [11]. While solar
cell devices are a  stack with a multi-layered configurations, the
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back contact layers are quite important in thin film solar cell
technology, as they can  offer an economic and expedited manufac-
turing process compared to traditional fabrication methods used
for silicon wafer-based solar cells [1,12]. For instance, Cadmium
Telluride (CdTe), Copper Indium Selenide (CIS), Copper Indium Gal-
lium Selenide (CIGS) and Copper Zinc Tin Sulfide (CZTS) solar cells
are popular and currently preferred methodologies for efficient
conversion and utilization of solar energy [1,12–19]. High stability
of CdTe solar cells is  considered as an important factor for space
applications [11]. Recently, tin (II) sulfide (SnS) based solar cell
technology is also emerging as  an alternative [20]. The theoret-
ical conversion efficiency limit of  SnS solar cells is higher than
20%. Thus, SnS is also promising material for photovoltaic appli-
cations; it exhibits a bandgap of 1.1–1.5 eV and excellent optical
absorption value  ̨ >104 cm−1 [20]. There is  an enormous inter-
est in the development of CIS and CIGS solar cells on flexible or
organic substrates due to their low cost, light weight, high specific
power density and excellent radiation hardness [3,12,14–18]. How-
ever, such rapid development of CIS/CIGS solar cells and further
progress in the field depend on the efficient design and devel-
opment of high-quality component layers, such as back contact
metallic films, which can  offer improved physical, chemical and
electronic properties while serving under the elevated processing
conditions [12,21]. While there are many options available for suit-
able materials, due to a  wide variety of scientific reasons and its
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material properties, molybdenum (Mo) has emerged as the pre-
dominant choice for the back-contact layer application in CIGS/CIS
solar cells [14,17,18,22–24].

Molybdenum is a refractory metal; fascinating properties of
Mo have been exploited in a  wide variety of industrial applica-
tions [14,15,18,21,25–30]. The high melting point (2160 ◦C), low
density (�th = 10.2 g/cm3) and excellent strength-to-density ratio
at high temperature make Mo  attractive, even compared to  other
refractory metals, for many applications in aerospace, defense, and
energy sectors. In the context of thin film solar cells, sputter-
deposited Mo films were widely used as back contact layers in
CIS and CIGS solar cells  [15,31–35]. The back contact layer forms
the substrate upon which the light absorbent layer fabrication pro-
ceeds in the solar cell design [14,15,18]. Mo has been identified as
an ideal choice for the back contact in CIS and CIGS solar cells not
only due to its excellent electrical properties but also for its inert-
ness and mechanical durability during the absorber film growth
[14,15,18,36]. The challenge now revolves around maintaining a
metallic state, i.e. without oxidation, and retaining the structural
quality and desirable electrical properties of Mo  at the high pro-
cessing temperatures common to thin film solar cell  technology
[5,15,37–39].

For thin film Mo,  most of  the existing studies employed direct
current (DC) magnetron sputtering. It has been noted that the resis-
tivity and adhesion of Mo  films are strongly dependent on the
working gas pressure [40,41]. Higher sputtering gas pressures tend
to  yield highly adhesive, and highly resistive Mo  films. Alterna-
tively, lower pressures result in low resistivity but poor mechanical
properties and adhesion [14,15,18,40,41]. A correlation is also
observed between the sputter gas pressures (PAr) and cumulative
stress within deposited films [21]. Generally, the films deposited
with low PAr are found to be under compressive stress, while those
deposited with high pressures are found to  be under tensile stress
[21]. Recently, it  has been demonstrated that the radio-frequency
(RF) magnetron sputtering represents an  alternative approach to
deposit high-quality Mo  films for electronic and optoelectronic
applications [3,16,41,42]. Jubault et al. demonstrated that good
adhesion of Mo  layers could be obtained within a  much wider range
of sputtering pressures, with electrical properties being less sen-
sitive to the sputtering parameters [3]. Additionally Zoppi et  al.
reported that Mo  films with a  low resistivity (21.3 ��  cm)  can be
obtained for deposition at  room temperature through the manipu-
lation of the RF process parameters [18]. It should be noted that
these Mo films were amorphous and post-deposition annealing
performed at 530 ◦C  in Ar and H2/N2 in order to further improve
the film crystal quality resulted in an increased resistivity of Mo
film due to possible surface oxidation [18]. This annealing also
deteriorated the films adhesion properties [18]. Wang et al. also
reported a  low resistivity of 22.8 ��  cm  for Mo  films by RF sput-
tering by using a slightly higher deposition temperature (200 ◦C)
[41]. However, further increasing deposition temperatures showed
a degradation in the overall properties [41]. Most recently, Dai  et al.
demonstrated the superior characteristics of Mo films deposited
by RF sputtering [16]. In their work, Mo  films were deposited at
an elevated deposition temperature (400 ◦C) with varying sputter-
ing power and sputtering gas pressures. These authors reported
that lower pressure and higher power of RF sputtering can result in
Mo  films with lower resistivity due to increased kinetic energy of
sputtered particles, which in turn improved the crystalline nature
and compactness of the films [16]. However, while desirable elec-
trical properties can be obtained, adhesion properties of the Mo
films were very poor [16]. Thus, significant attention is  being
directed to the structure and electronic property control of Mo
films while maintaining the good mechanical properties of  the lay-
ers. Also, structural quality and property degradation of Mo  films
deposited at elevated temperatures and/or during post-deposition

Table 1

Experimental conditions employed for Mo  film deposition.

Parameter Value

Base pressure 2  × 10−7 Torr
Sputtering power 100 W
Argon sputtering pressure 3-25 mTorr (Ts = 200 ◦C, constant)
Deposition temperature 25-500 ◦C  (PAr = 5  mTorr, constant)
Target-to-substrate distance 7  cm
Substrate Silicon (100)
Film thickness 1̃05 ± 5  nm

annealing are of much concern, particularly for their utilization
in polycrystalline thin film solar cells. In  this context, the present
work was  performed on nanocrystalline Mo films deposited using
RF magnetron sputtering under variable sputtering pressures and
deposition temperatures. Interestingly, we found that the Mo  films
deposited at a relatively higher deposition temperature (≥200 ◦C)
with a combination of optimum sputtering pressure exhibits high
quality in terms of structural, mechanical, optical and electrical
characteristics as desired for back-contact layer application in solar
cells. Furthermore, efforts were made to understand the effect of
microstructure on the phase stabilization, crystal structure, and
electrical characteristics of Mo  films as  a  function of deposition
variables. We  paid utmost attention to  the structural and mechan-
ical properties of  thin Mo  films (1̃05 ±  5 nm),  compared to those
reports on the relatively thicker Mo  films in the literature, where
the true effect of nanoscale dimensions is elucidated as a func-
tion of crystallite size, which is controlled by means of variable
processing conditions. Our findings demonstrate that the process-
ing  conditions can be tuned to obtain Mo  films with variable
microstructures, which enables superior mechanical and electri-
cal properties desired for CIS and CIGS solar cells. Based on the
results, a size-structure-property correlation, which may be use-
ful as a road-map to optimize the conditions to  produce Mo-based
materials for thin film solar cells, was established.

2. Experimental

2.1. Fabrication

Nanocrystalline Mo films were RF-sputter deposited onto chem-
ically cleaned silicon (Si) (100) wafers. The deposition chamber
was then evacuated to a base pressure of 2̃ × 10−7 Torr. Mo  target
(Plasmaterials, Inc.) with a  2 inch diameter and 99.999% purity was
employed for sputtering. To ensure lateral isotropy, the substrates
were continuously rotated at  a rate of 3–4  rpm during the depo-
sition. The Ar flow was  controlled using MKS  mass flow meters.
The deposition time was  kept constant to obtain a film thick-
ness of 1̃05 ± 5  nm.  Before every deposition, the Mo  target was
pre-sputtered for at  least 15–20 min  while keeping the substrate
shutter closed to  facilitate stable plasma and to  remove contam-
inants. The experimental conditions employed for the Mo film
fabrication are listed in Table 1.

2.2. Characterization

The crystal structure analysis was performed using Grazing Inci-
dence X-ray Diffraction (GIXRD) equipment (Bruker D8  advance,
CuK� radiation, and wavelength = 0.154 nm)  at room temperature.
The average crystallite size (d) was  determined from the integral
width of the diffraction lines, which is named as Scherrer’s equation
as follows: [43]

d =
0.9 �

ˇ  cos�
(1)
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Fig. 1. (a) GIXRD patterns of Mo  films deposited at  various Ts and (b) high-resolution scans of the Mo  (110). The peak observed at 4̃0.5◦ corresponds to diffraction from (110)
crystal planes of body centered cubic (bcc) Mo.  The (110) peak intensity increase with increasing Ts can be  noted and the  peak sharpens with a  decrease in full width at half
maxima (FWHM) with increasing Ts .  In  addition, a slight positive peak shift occurs with increasing Ts .

where � is the wavelength of X rays,  ̌ is the width of the peak
at its half intensity, and � is the angle of the peak. The surface
morphology analysis was performed using high performance and
ultra-high-resolution scanning electron microscope (SEM, Hitachi
S-4800). Optical properties of the Mo films were measured using
CARY 5000 UV–vis–NR double-beam spectrophotometer in the
range of 200–3000 nm.  Ecopia HMS  3000 Hall measurement system
was used to determine the electrical properties such as resistivity,
carrier concentration and mobility. In this method, a  current was
applied to the test sample using four small contacts and the corre-
sponding voltage was measured on a flat arbitrarily shaped sample
of uniform thickness. The four electrode probes were placed at  the
periphery of the samples and on measurement, provided the aver-
age resistivity of the sample. Hall mobility and carrier concentration
were also obtained during the measurement [44].

3. Results and discussion

3.1. Effect of deposition temperature

To understand the effects of deposition temperature on the
structure, surface/interface morphology, and electrical properties,
Mo films were deposited at varying temperature from 25 ◦C  to
500 ◦C  while keeping a constant deposition pressure of 5  mTorr. The
results and analyses of  all the characterization that were performed
are presented and discussed below.

3.1.1. Crystal structure

The GIXRD patterns of Mo  films deposited under variable Ts are
presented in Fig. 1(a).  The effect of temperature on the growth
behavior is evident as reflected in the marked difference in XRD
patterns of Mo  films (Fig. 1(a)) as a  function of Ts.  The notable fea-
ture is the fact that all the Mo  films exhibit the XRD peak at 4̃0.5◦

which corresponds to diffraction from (110) crystal planes of body
centered cubic (bcc) Mo.  This observation is  an indication that the
Mo  films exhibit (110) preferential growth [15,45,46]. It can be also
noted that the (110) peak intensity increases with increasing Ts

from 25 to 500 ◦C. This behavior can be attributed to the improved
crystalline quality with increasing Ts. The Mo  films deposited at  the
highest Ts (500 ◦C) exhibit dominance in the (110) peak intensity
(Fig. 1(a)). In order to  better understand peak intensity variation
and to drive quantitative information, high resolution scans were
performed on the (110) reflection. The high-resolution scans of the
(110) peak of Mo films are shown in Fig. 1(b). It is evident that the
peak becomes sharp with a decrease in full width at  half maximum

Fig. 2. Variation of average crystallite size and lattice strain of Mo  films with Ts .

(FWHM) along with a slight positive peak shift with increasing
Ts. Considerable peak broadening noted for Mo  films deposited at
lower temperatures, (Ts = 25–100 ◦C) may  be due to the presence of
smaller crystallites. The average crystallite size increases from 9 to
22 (±1) nm with increasing Ts from 25 to 500 ◦C (presented in Fig. 2).
From XRD data (Figs. 1 and 2), it  is evident that the improved struc-
tural order along with an increase in the crystallite size accounts for
the observed (110) peak sharpening and FWHM narrowing. Thus,
XRD results confirm a  clear dependence of crystallinity of Mo films
on Ts. Interdependency between texture development and pro-
cessing parameters in physical vapor deposited thin film can be,
in general, explained based on thermodynamics or growth kinet-
ics [15,45]. Therefore, the effects of  Ts on the crystal structure and
growth behavior of Mo  films can be attributed to the differences
in adatom mobility, which influences the texture and/or preferred
orientation of the films grown.

It is evident from the high-resolution scans that, as  Ts increases,
the (110) peak experiences a positive shift. The variation of the
average lattice parameter i.e., the shift of the peak position, in the
direction normal to  the plane of the films gives the strain in Mo
films. This lattice strain may  be either tensile or compressive. The
lattice strain for the films was  determined using the relation [17]:

Strain (%) =
�a

a
× 100 (2)

where a is the lattice parameter (for Mo reference, a = 0.31469 nm)
[17,47]. In general, the strain of  the films depends on voids, oxy-
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Fig. 3. Top-view SEM images of Mo  films deposited under variable Ts .

Fig. 4. Electrical characteristics of Mo  films sputtered at  different Ts: (a) electrical resistivity; (b) carrier mobility; (c) carrier concentration with Ts .  It  is evident that the
electrical characteristics are strongly influenced by the deposition temperature.

gen or argon gas impurities, and crystallographic flaws [18]. Most
of these Mo  films were in compressive strain, as indicated by the
results presented in Fig. 2. Note that the positive values represent
the tensile nature while negative values are indicative of compres-
sive nature. The surface roughness values for this set of Mo  films
were measured using atomic force microscopy (AFM) technique.
The surface roughness is  1.24 nm for the Mo  film deposited at 25 ◦C.
By increasing the deposition temperatures the roughness values
decrease to 0.51 nm for the film deposited at 400 ◦C. Increase in sub-
strate temperature increases the thermal energy of the thin film,
thereby facilitating higher adatom mobility, delivering smoother
thin films at higher deposition temperatures.

3.1.2. Surface morphology

Fig. 3 shows the SEM images of Mo  films deposited at  various
Ts. It can be seen that, not only the size, but also the grain shape
is affected by Ts.  All the Mo films exhibit granular morphology,
which is characterized by the presence of grains with feather like
shape and densely packed microstructure. The grains are  notice-
ably visible, no evidence of voids is seen. The film deposited at
25 ◦C shows a  flat and smooth surface with pebble like structure. At
Ts = 100 ◦C, grains present sharp triangular tails. The films become
smoother and the grains seem to break down into smaller ones
for the films deposited at  Ts = 200–400 ◦C. Mo films deposited at
500 ◦C exhibit the most compact morphology while there are no
significant changes noted beyond 300 ◦C.  The trend noted is that the
grain elongation decreases with increasing Ts. In general, increas-
ing the temperature will increase the adatom mobility in the thin

films which results in greater diffusion leading to  adjacent crys-
tals merging together which directly facilitates surface morphology
modification [35].

3.1.3. Electrical properties

In addition to structure and morphology, the electrical charac-
teristics of Mo  films are quite important for their integration into
solar cells as back contact layers. The electrical characteristics of the
Mo films deposited under variable Ts, namely carrier concentration,
mobility, and resistivity, are shown in Fig. 4. The results indicate
that the Ts and microstructure strongly influence the Mo  electrical
characteristics. The electrical resistivity variation as a function of
Ts for nc-Mo films is shown in Fig. 4(a) with the films deposited at
25 ◦C exhibiting the highest resistivity (55 �� cm). It can be noted
that the electrical resistivity of the Mo  films decreases continu-
ously with increasing Ts. with the lowest values corresponding to
Mo films deposited at Ts = 300–500 ◦C,  with the 500 ◦C sample in
particular possessing electrical resistivity of  10 �� cm.  This value
is remarkably low not  only within the set of these Mo  films but
also when compared to those reported in the literature [48]. Also,
note that the electrical resistivity of the Mo  films correlates with the
average grain size variation and surface roughness. Increasing grain
size and structural order tends to  decrease the electrical resistivity
[14,15]. This phenomenon is also coupled with the increase in the
carrier mobility [12,15]. Increase in the average size increases the
carrier mobility [12,40,49]. Therefore, the observed increase in the
grain size of the Mo films with increasing Ts leads to a  reduction in
the grain boundary potential barrier’s height and in the number of
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Fig. 5. Optical reflectance of Mo films deposited under variable Ts .

grain boundaries that the charge carrier has to cross during electri-
cal transport [12]. This leads to decrease in the electrical resistivity
of Mo films.

The variation in carrier mobility of  Mo  films as a function of Ts

is represented in Fig. 4(b). The mobility is seen to increase con-
tinuously with increasing Ts. The mobility values in nc-Mo films
increased from 5 to 15  cm2/(V s) for a variation in Ts from 25 to
500 ◦C, The hall mobility is  increased due to the improvement in
film crystallinity at higher temperatures, on the other hand which
leads to decrease in resistivity [45,50].

The electrical carrier concentration variation as a  function of
Ts for nc-Mo films is shown in Fig. 4(c). The carrier concentra-
tion noted for Mo films deposited at Ts = 25 ◦C was  1  × 1022 cm−3,
which is lower among the set of Mo  films deposited. However, the
carrier concentration value increases with increasing Ts with the
highest value of 1.01 × 1023 cm−3 noted for the Mo films deposited
at 500 ◦C. This observed trend of carrier concentration corrobo-
rates with structure and morphology data and is mainly due to the
crystallization and grain morphology [45,50].

3.1.4. Optical properties

Fig. 5 shows the reflectance of the Mo  films deposited at vari-
ous Ts. Reflectivity of the back contact layers is also one of  crucial
parameter to improve the overall efficiency of  the solar cell. By
maximizing the light reflectance of the back contact, more photons
can be absorbed [12]. The SEM  results indicate that the Mo films
deposited at various temperatures shows elongated large stripe-
shaped grain boundaries and large columnar grains over the film
surface which influence the light scattering. The reflectance data of
the nc-Mo films are in reasonable agreement with those reported in
the literature [46]. The dense microstructure coupled with stress-
free state of the Mo films with no porosity of the Mo films is ideal
for solar cell applications.

3.2. Effect of sputtering pressure

To understand the effect of variable sputtering pressure on the
structure, surface/interface morphology, electrical characteristics
and optical properties, a  set of Mo films were deposited by varying
argon pressure from 3  mTorr to 25  mTorr while keeping the depo-
sition temperature constant at 200 ◦C.  The results and analyses of
those Mo films are presented and discussed below.

3.2.1. Crystal structure

Similar to  the GIXRD patterns of  nc-Mo films deposited at  vari-
ous Ts, Mo  films deposited under variable PAr also showed only one
peak, at 4̃0.5◦, which corresponds to diffraction from (110) planes.
The detailed, high-resolution scan of the (110) peak is shown in
Fig. 6(a). It is evident that the (110) peak intensity decreases and
becomes broader with increasing PAr from 3  to 25 mTorr. Further-
more, the (110) peak position is observed to be shifting towards
left as  a  function of PAr.  This observation indicates a change in  lat-
tice parameter and, thus, stress state in the Mo  films. It can be seen
that there is a  significant (110) peak intensity reduction coupled
with peak broadening with increasing PAr. It appears that there
is a degradation of the crystal quality with increasing PAr which
may be due to the variation in the energy of the sputtered species.
Generally, in a sputtering process, the energy of sputtered atoms
and/or ions are influenced by the working pressure [22].  When PAr
is higher, it  enhances the probability of collisions between atoms,
as such the energy of  atoms will tend to decrease [12]. At  low sput-
tering pressures, the frequency of the gas-phase bombardment will
also decrease, due to an increase in the kinetic energy of the sput-
tered Mo  atoms and neutral Ar  atoms [1,14,18]. This enhances the
atomic peening and tends to  form a denser films [14,18]. Thus,
with increasing PAr, the Mo  atoms and gas ions collide more often
which results in a decrease in the bombardment energy [12,18].
This reduced atomic mobility and peening produce less dense films
[12]. For the films deposited at higher pressures, the peak shift and
broadening are  higher indicating the crystalline quality deteriora-
tion at  higher PAr. The average crystallite size (d) was  determined
using Eq. (1). The maximum value of d is found to  be 18 (±1) nm for
PAr =  3  mTorr. With the increase in PAr, the size gradually decreases
to 7  (±2) nm for a PAr of 19 mTorr. As generally noted in PVD
films, the PAr-d relationship can be attributed to  the reduction in
the mean free path and associated surface damage. The detailed
analysis about crystallite size and the effect of size on the mechan-
ical properties of nc-Mo films deposited as a  function of variable
sputtering pressure has been reported elsewhere [51].

The lattice strain and FWHM of the Mo  films deposited under
variable PAr are presented in Fig. 6(b) and (c), respectively. The trend
observed is a true effect of PAr on the structural quality of  nc-Mo
films. The origin of the lattice strain profiles in Mo films can be
correlated with impurities, voids, and crystallographic flaws [17].
The Mo  films exhibit a  compressive strain for PAr = 3–9 mTorr, at
which point there is a transformation to tensile nature. However,
the strain values for most of the films are relatively close with a
minimal variation (Fig.  6(b)) while the highest strain occurs in Mo
films deposited at  the highest PAr = 25 mTorr. As explained in the
previous section, the changes in crystal structure and microstruc-
ture account for the strain variation as a function of processing
parameters. The surface roughness values of Mo  films deposited
at various PAr lie  between 2.05 nm to  0.70 nm. The nanocrystalline
Mo  films deposited at lower PAr exhibits higher surface roughness
of 2.05 nm,  which then progressively and continuously decreases
to sub  nm level i.e., 0.70 nm on increasing PAr to 25  nm. At low sput-
tering pressures, the frequency of the gas-phase bombardment will
decrease, due to  an increase in the kinetic energy of the sputtered
Mo  atoms which results in higher surface roughness.

3.2.2. Surface and interface morphology

The  SEM images of the Mo  films deposited under variable PAr are
presented in Fig. 7. The films deposited at  lower PAr exhibit a  com-
pact and smooth surface morphology. The thin film deposited at
3  mTorr presents pyramid shape structure with a  corresponding
crystal size of 18.0 (±1) nm (calculated form XRD). This phe-
nomenon was observed upto the pressure of 5  mTorr. On further
increasing the pressure to 14 mTorr, the pyramid shape tex-
ture transformed in to granular shape texture and the thin films
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Fig. 6. GIXRD patterns of Mo  films deposited at various PAr: (a)  high resolution scan of Mo  (110) peak; (b) lattice strain; (c) full width at half maximum of (110) peak.

Fig. 7. SEM images of Mo  films deposited under variable PAr .

deposited at 25 mTorr displays pyramid structure similar to that of
3 mTorr film [52]. However, increasing PAr seems to include voids
on the surface resulting in a porous and loosely packed microstruc-
ture. The grains are densely packed with columnar structure when
the Mo films were deposited at lower PAr.  This morphology vari-
ation can be attributed to the variation in the kinetic energy of
the sputtered species under variable PAr [2,14,18]. As the pressure
increases, the grains evolve from irregular structures to triangu-
lar tapered structures. This phenomenon can be explained by the
structure zone models [16]. The adatom mobility is  controlled by
adjusting the sputtering pressure. Usually, high sputtering pres-
sures have ability to reduce adatom mobility and therefore can
promote zone 1 structures with triangular tapered structure [16].

Fig. 8 shows the cross-sectional SEM images, which clearly indi-
cate the characteristic interface morphology evolution of Mo  films
with PAr. The fractured samples or Mo  films deposited on Si were
mounted for sectional imaging to  obtain the micrographs, where
the Mo film and Si-substrate regions are indicated (Fig. 8).  It is
evident from these micrographs that the Mo  films display the
columnar structure at  lower PAr. However, the morphology evolves
into a  dense packing structure at  intermediate pressures and then
finally to spattered morphology at very high PAr (19–25 mTorr). For
samples deposited with variable deposition temperature keeping
PAr at 5 mTorr, columnar interface microstructure was noted at  all
temperatures except at the highest Ts = 500 ◦C, where deterioration
of properties is noted. Note that, as recognized widely in the litera-
ture, the sputter-deposited film interface microstructure is strongly

Fig. 8. Interface microstructure evolution in Mo films deposited under variable PAr .
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Fig. 9. Electrical characteristics of Mo  films sputtered at different PAr: (a) electrical resistivity; (b)  carrier mobility; (c) carrier concentration. It is evident that the electrical
characteristics are strongly influenced by the deposition pressure.

dependent on the adatom or particle energy of the growing film.
Thus, higher kinetic energy variations and diffusion of the imping-
ing species may  be the reason for observed microstructure changes
in Mo  films.

3.2.3. Electrical properties

Fig. 9 presents the electrical characteristics of Mo  films
deposited under variable PAr.  The electrical resistivity, carrier con-
centration and mobility of Mo films deposited at various PAr are
shown. The results indicate that the PAr has a strong influence on
the electrical characteristics of Mo  films. The resistivity of Mo films
is found to be directly proportional to PAr (Fig. 9(a))  as at  lower
sputtering pressures i.e., 3  mTorr, the resistivity is low which then
increases with increasing PAr and  reaches 340 �� cm for the Mo
film deposited at PAr = 25 mTorr. This resistivity variation can be
attributed to the fact that, at higher PAr,  the kinetic energy of Mo
ions is reduced due to  the increased particle scattering [3,14]. As a
result of that, degradation of the film crystallinity and grain growth
occurs leading to less dense and porous column boundaries which
implies a higher electrical resistivity [1,14]. On the other hand, at
lower PAr, incident atoms contain lighter energy because of  lesser
scattering which tends to impart higher momentum to  Mo  atoms
to form more crystalline films with densely packed structures. As a
result, better crystallinity and smooth grain growth tends to  lower
electrical resistivity of the Mo  films.

The variation in carrier mobility of Mo  films as a function of
PAr is represented in Fig. 9(b). The mobility decreases continuously
with increasing sputtering pressure since there is  a  decrease in
the energy of the discharged atoms [3]. The species arriving on
substrate surface has lower mobility, and the films exhibit porous
columnar grain with intergranular voids (discussed in SEM). The
electron mobility variation is corroborated with the structure and
morphology variation with PAr.  When the PAr is increased from 3
to 25 mTorr, the mobility value decreases from 67 to  23  cm2/(V s).
One of the primary reason for decrease in mobility is due to the
increase in grain boundaries.

The variation in carrier concentration as a function of PAr is
shown in Fig. 9(c). The carrier concentration has a  noted maximum
(2.42 × 1022 cm−3)  in the Mo  film deposited at  PAr = 3  mTorr. The
carrier concentration decreases with increasing PAr;  it reaches the
lowest value of 8.37 × 1020 cm−3 for the Mo  film deposited at PAr = 9
mTorr and then continues to be low for all the depositions made in
the PAr range of 9–25 mTorr.

3.2.4. Optical properties

The measured optical reflectance of Mo  films deposited at  vari-
able sputtering pressure is shown in Fig. 10. As observed in the
figure, the reflectance gradually decreases with increasing PAr and
5 mTorr film demonstrates the highest reflectance. This trend is also
apparent with wavelength [3,12]. This variation is  noted mainly in

Fig. 10. Optical reflectance of Mo  films as a  function of PAr .

two cases. The very first characteristic is surface roughness. Yoon
et al.  reported that, the surface roughness is linearly proportional
with the working pressure [12]. The surface roughness can  reduce
the amount of reflected light. Porosity is also one of the character-
istics which can influence the reflectance [2]. As discussed, surface
roughness is decreased by increasing the deposition pressure. The
surface light scattering due to roughness can affect the amount of
reflected light perpendicular to the surface. Therefore, the varia-
tion of  the reflectance of the incident light from Mo surface is due
to surface scattering effects. Apart to the scattering, the Mo films
deposited at higher pressure possess a  loosely packed porous struc-
tures as discussed in previous sections an act as another reason for
the reduction in the reflectance spectra.

Finally, we  would like to highlight the importance of the present
work in the context of utilizing such Mo  films for electronic device
applications by considering the example or case of solar cells. The
solar cell is a  multilayer component device, which converts sunlight
into electricity on the basis of internal photo-effect [1,12–19]. The
back contact is the final layer and is very important for CIS or CIGS
solar cells. The most important and critical issue in the CIS or CIGS or
CdTe/CdS solar cell production is to form a  low-resistive and stable
ohmic contact with the respective p-type photo-absorber materi-
als. Magnetron sputter-deposited Mo  thin films are widely used as
back electrodes in thin-film solar cells. It can be noted that the val-
ues reported in the present work vary in the range of 10–350 ��

cm depending on the sputtering pressure and substrate tempera-
ture employed for Mo film  deposition. Note  that the Mo  films not
only exclusively serve the purpose of an electrical back contact but
also act as  a kinetic diffusion barrier for the constituting elements
of the neighboring component layers. Since the stability at process-
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ing temperatures (up to  600 ◦C)  coupled with chemical inertness of
Mo is well known, the chemical composition and structural stabil-
ity of the Mo  films in the Ts range of employed in this work is not
at all a concern. However, we believe that the improved structural
quality and morphology are the primary reason for the observed
low resistivity values for the Mo  films deposited at  elevated tem-
peratures. The electrical resistivity was found to  be more sensitive
to the working pressure. The low electrical resistivity was obtained
only at lower PAr (3–6 mTorr). The resistivity increase at  higher
PAr is not suitable for solar cell device applications. Therefore, we
conclude that the Mo  films with low resistivity can be obtained in
the Ts range of 200–500 ◦C while keeping the most critical parame-
ter of working pressure at PAr = 3–5 mTorr. Furthermore, sputtering
techniques are widely used in industrial processes, especially, the
multilayered solar cell devices’ fabrication, because high quality
films can be obtained by carefully controlling the processing con-
ditions. Sputter-deposition of  materials and multilayered devices
offer the key significant advantages of:  (1) ease of sputtering of
any metal, alloy or compound, (2) high-purity films, (3)  excellent
adhesion, and (4) excellent coverage uniformity on large-area sub-
strates. Therefore, scaling up the process to produce Mo  films in
real/practical applications is also possible.

4. Conclusion

Molybdenum thin films were deposited at different sputtering
pressure and deposition temperature values, which were varied in
the range of 3–25 mTorr and 25-500 ◦C, respectively. The crystal
structure, surface morphology, stress state, electrical characteris-
tics and optical properties of  Mo  films were evaluated as a function
of PAr and Ts. Such a  detailed study enabled the optimization of
experimental conditions to realize superior quality Mo  films for
application in thin film solar cells. The XRD and SEM  analyses indi-
cate that the effects of Ts and PAr are significant on the crystal
structure, morphology and texturing of the nc-Mo films. The aver-
age crystallite size increases from 9 to 22 (±1) with  increasing Ts

from 25 to 500 ◦C. The electrical resistivity of Mo film decreases
from 55 �� cm to  10 �� cm for Ts = 25–500 ◦C; however, the low
resistive Mo  films were obtained only in the 200–500 ◦C  range. The
effect of sputtering pressure is critically important in optimizing
the microstructure, which in turn influences the electrical and opti-
cal characteristics of Mo  films. At low PAr (3–6 mTorr), Mo  films
were densely packed with good structural properties, whereas
Mo  films became porous and loosely packed microstructures with
increasing PAr. The low resistive (10–20 ��  cm)  Mo  films, which
can be realized by selectively depositing films at lower PAr, with
reasonably good structural and optical properties are suitable for
solar cell device applications while the processing temperature can
be selectively tuned in the range of 200–500 ◦C depending on the
specific design.
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